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Problem Statement
Initial Problem Description
The cost of nonrenewable resources, such as petroleum and natural gas, have been steadily increasing. Today's contemporary lifestyle requires that humans consume electricity to live and function in society. In 2015, the US consumed 97.7 Btu in energy: 39 percent of the energy was from the electric power, 32 percent of energy production was from natural gas, 28
percent from petroleum, 21 percent from coal, 9 percent from nuclear power, and 11 percent from renewable energy (U.S. Energy Information Administration).
Even with the recent developments in hydraulic fracking technology and offshore oil drilling, which reduce our reliance on foreign energy, the United States will need to acquire and develop new methods of energy generation that are affordable, easily accessible, and native. One such source for energy is landfills.
Landfills are built to prevent the migration of waste byproducts, leachate and landfill gas, out of the landfill. According to the Inventory of Greenhouse Gas Emissions, landfills are the third largest producer of methane due to human activity in the United States. Traditionally, landfill gas is produced and flared when a certain volume is produced. Flaring landfill gas prevents the gas from reaching the atmosphere with its high methane content, but still produces carbon dioxide. Landfill gas is flammable, and can be used to produce heat to run devices that will produce electricity.
Overall Analysis and Objectives
An ideal solution for mitigating the effects of gas emissions from landfills is one that reduces the harmful emissions while producing something of value, such as energy that could then be used at the landfill or sent to the power grid. Landfill gas has a wide range of utilizations from power generation to fuel potential (Rajaram, 2012, p. 320) . Landfill gas production can be enhanced by the recirculation of leachate, which eliminate landfill operating costs associated with leachate treatment (Bayles, 2013, p. 538) . When producing energy from greenhouse gas, the maximum production of energy at low costs is also ideal. The byproducts of the energy generation should also be up to the Environmental Protection Agency's emissions standards.
Landfills are pits of dirt covered with two layers of liners that contain municipal solid waste. The microbes in the waste produce gases that could potentially harm the ecosystem in the surroundings via groundwater and air. Landfills must be continuously monitored so that no harmful compounds leave the landfill. Landfills emit greenhouse gases, which can harm the ecosystem, and thus the quality of life for humans. The composition of landfill gases is shown in Table 1 . (Grover, Grover, & Hogland, 2002, p. 168) . (Grover et al.) Y=kL
As shown in Figure 1 , there are five stages of landfill gas production. During the first phase, known as aerobic decomposition, which lasts from 1 month to a year, the bacteria digests the wastes in the presence of oxygen to produce heat. During the second phase, known as acidogenic, oxygen is depleted and anaerobic conditions develop, which causes the production of H 2 , CO 2 , H 2 O, and organic acids. The acid formation causes a pH of below 5. During the third phase, known as acetogenesis, the acids and alcohols oxidize with acetic acids and CO 2 . During stage four, methanogenesis, the products of acetogenesis are converted to methane and CO 2 . And finally, in stage five, the useable landfill gas production ceases (Bove & Lunghi, 2006 , p. 1394 ).
The fluctuation of gas contents in landfill gases means that the methods considered should be flexible to the life cycle of the landfill. One consideration is a modular design. It is worth noting the many methods to utilizing landfill gas emissions. Landfill gas may be used in kilns, burners, evaporators, and heaters (Rajaram, 2012, p. 209 ). However, due to the many uses for electricity generation, this paper will further discuss these methods as solutions to reducing landfill gas emissions.
Historical and Economic Perspectives
The effects of waste generation on the environment due to human society has not been a problem until the dawn of mass-production and mass-consumption. Prior to mass production, waste was thrown onto the streets for scavengers to deal with; however, with the dawn of the industrial revolution, goods that contained toxic substances were produced and required proper disposal and management. The first dumps were primitive holes by the countryside. However, over time, people realized that the groundwater needed to be protected from the toxins produced by waste in landfills, and developed methods to contain the waste with the utilization of liners and leachate pipes (Bayles, 2013, p. 351) .
In 1959, the American Society of Civil Engineers published its first guidelines for a "sanitary landfill", in which they suggested compacting the waste and covering it with dirt to control odors and organisms. Shortly thereafter, states began regulating landfills. The federal government passed the Resource Conservation and Recovery Act in 1976, which required the Environmental Protection Agency to develop regulations for landfill operations. In 1979, the EPA developed regulations for sanitary landfills, and revised them in 1991 (Bayles, 2013, 532) .
Today, conventional methods utilize the "dry tomb", which are artifacts of history. This method minimizes odors and the production of gases. The dry tomb method developed as a result of early regulations from the RCRA to prohibit moisture from entering landfills to prevent groundwater contamination. Under current regulations, landfill gas generated at the landfill needs to be collected. Traditional landfills have very long and slow rates of landfill gas generation and waste decomposition (Bayles 2013, p. 535) . Therefore, the development of bioreactor landfills that promote the production of gas is necessary to make energy production from landfills feasible.
With the development of stronger landfill liners and intricate leachate collection systems, landfills have begun to leave the dry tomb approach for the bioreactor approach. Bioreactor landfills have the sole purpose of producing gas with a high methane content for usage. The materials may change the cost of retrofitting new landfills to make energy generation from landfills more feasible. However, the development of innovative technologies, such as new liner material combinations that help with the entrapment and production of landfill gas, may offset costs.
Candidate Solutions
All methods of energy production with landfill gases involve energy conversion. The mechanical energy in the landfill gas developed by a device needs to be converted into electrical energy for power distribution. As such, methods of electrical energy generation from landfill gas typically utilize systems of engines and thermodynamic cycles, or electrochemical reactions.
There are many systems besides the chosen candidate solutions discussed below that can produce electrical energy from the chemical energy in landfill gases. One solution is the utilization of large gas turbines. Large gas turbines utilize gas compressors, heat exchangers, knockout drums, and filters. Prior to entry, the gas needs to be compressed to 250 psi 1 . This fuel compression requires a relatively higher amount of energy than other devices, and makes up most of the parasitic energy loss in this system. In addition to the large amount of energy needed to power the compressor, landfill gas with high quantities of sulfur, halide, or silicon compounds will need to be treated prior to entry (Rajaram, 2012, p. 236) . Though large turbines are resistant to corrosion, they lack modularity, which will be problematic after the landfill peaks in gas production. Major overhauls and changes to the device make large turbines an uneconomical method for energy production, unless the landfill produces a large quantity of gases rich in methane, which is rare (Rajaram, 2012, p. 263 ).
Another solution is the utilization of the closed loop Rankine Cycle, which utilizes a heat exchanger to exchange the heat generated from flaring landfill gas to a working fluid in a closed loop of a Rankine cycle power plant. The heated fluid is them put through a turbine for energy generation. However, the technology for the closed loop Rankine Cycle does not exist yet. The current models on the market have output ranges of 15 to 20 MW and energy differentials as low as 125 degrees Fahrenheit (Rajaram, 2012, p. 238) . More flexibility in output and input specs will be necessary for successful utilization of this method, for landfills vary in size and methane
generation.
An external cycle engine like the Stirling cycle engine produces work by expanding and compressing gas in a closed vessel that is divided into cold and hot regions. Stirling cycle engines can operate with any combustible material as a fuel source. Stirling engines also have low vibrations and low emissions. However, Stirling engines are not commercially available, and are currently only used for research due to the inability to scale Stirling engines to a large size for production.
Fuel cells are another viable way to generate electricity from landfill gas. However, when considering fuel cells for electricity generation, one should consider the poisoning effect of hydrocarbon based fuels on the catalyst of the fuel cell. This makes low temperature fuel cells incompatible with landfill gas (Bove & Lunghi, p. 1394) . In some cases, the fuel stack can get eaten away by acid that the H 2 S forms (Soares, 2007, p. 122 ).
In conclusion, when searching for solutions to minimize landfill gas emissions and to maximize electricity production, one should consider not only the largest landfill gas producers, but also the small. As such, methods that require copious quantities and/or densities of fuel should be eliminated. One should also consider the availability and specifications of the components on the market.
Reciprocating Internal Combustion Engines -Caterpillar 3516 SITA Figure 3. Schematic of a reciprocating combustion engine system. (Source: Rajaram)
Internal combustion systems for landfill gas to energy projects consist of gas compressors, heat exchangers, knockout vessels, and filters. As with large gas turbines, landfill gas may need to be processed and filtered to reduce sulfur, halide and silicone compounds before entry. After treatment, the landfill gas enters the primary centrifugal blower, which compresses the gas. Another compressing mechanism may be required to bring the landfill gas to the correct states. Fuel intake specifications are a pressure of 2 to 5 psi, relative humidity of 80 percent and a maximum temperature of 1040 degrees Fahrenheit, or 560 degrees Celsius (Rajaram, 2012, p. 235) . Waste heat from engines can be used to heat a dwelling. The efficiency of a Caterpillar 3516 SITA operating on landfill gas is 33%. It consumes 10,972 kJ/kWh of fuel, and emits 56.6 μg/kJ of NOx and CO (Bove & Lunghi, 2006 , 1394 . The process is shown in Figure 3 .
One of the hallmarks of reciprocating internal combustion engines is the low installation and operation costs. The cost of installing a reciprocating internal combustion engine is $1.2 billion, and the cost of operating the engine is $115.2 per kilowatt per year (Bove & Lunghi, 2006) . The engines are available in modular units, and thus can be used through the life stages of the landfill: from opening, when landfill gases increase in production, to the capping, when landfill gases slowly decrease in production. Also, individual engine units can easily be moved from well to well for economical capital placement.
Drawbacks of internal combustion engines are the cooling and exhaust needed due to the incomplete combustion of the gas. Also, skilled labor will be needed to calibrate the engine and insure efficient operation (Rajaram, 2012, p. 214) . In addition, costs from the pretreatment of landfill gases may be high depending on the contents of the landfill gas. The gas will need to be pretreated to reduce sulfur and chlorine contents to lower than 550 and 60 ppm, respectively.
This typically involves a moisture removal system that consists of two parts: cooling and postheating. It is estimated that the cooling and post-heating will require 0.0046 kWh/m 3 and 0.004 kWh/m 3 , respectively (Lombardi Carnevale, & Corti, 2006, p. 3213) . If the gas is not pretreated, the engine components may deteriorate. The presence of siloxanes in the landfill gases can also cause considerable damage (Alvarez-Florez & Egusquiza, 2015) . The high air pollution from reciprocating internal combustion engine emissions is another drawback. 
Microturbines
Microturbines consist of a compressor, combustor, turbine, and generator. After the landfill gas is compressed with air in the compressor, the compressed air and landfill gas mixture enters the combustor to be ignited. The resulting combusted gas expands and reaches the turbine, which then drives the compressor and generator. Because of its small size blade, singular microturbine systems are not as efficient as traditional turbine systems. However, waste energy can be sent to a heat exchanger for heat recovery or to power another system. With recuperation, the efficiency of a microturbines operating on landfill gas range from 25 to 30 percent (Rajaram, 2012, p. 211) . The installation costs of a microturbine system can range from $1800 to $3000 per kilowatt. It costs $0.018 to $0.022 per kWh to operate and maintain the microturbine plant.
However, as microturbines with higher power outputs become available, the price for installation and maintenance decreases (Soares, 2007, p.169) . The advantages of microturbines are that they are modular, can use a wide range of fuels for energy production, and are resistant to corrosion. Like reciprocating internal combustion engines, microturbines are also modular. They are also compact and therefore require only a small area for operation.
However, microturbines have low efficiencies, and require a large work input for the compression of the landfill gas before entry into the microturbine. This leads to high capital costs. Tests also show that microturbines are sensitive to siloxane contamination and variations in the ambient air temperature (Rajaram, 2006, p. 214) . 
Advantages Disadvantages
-Can utilize a wide range of fuels -Easy installation -Low operating cost due to corrosion resistance -Simple lubrication system, no cooling water required -Compact design and modularity -Low efficiencies -Landfill gas must be compressed to a high pressure before entry. -High capital costs -Not suitable for varying flow rates -Sensitive to siloxane contamination.
-Sensitive to ambient air temperature variation
Molten Carbonate Fuel Cells
In all fuel cells, hydrogen is converted into energy. Unlike the turbine and engine methods, fuel cell utilization does not require a combustion mechanism. A fuel cell system consists of three sections: a reforming section, a fuel stack, the power conditioning section. With an operating temperature of 650 °C, molten carbonate fuel cells are high temperature fuel cells, which means they require no noble metals as catalysts for the electrochemical reaction. As discussed earlier, this allows for higher impurities than low temperature fuel cells. The advantages of fuel cells are lower emissions, high efficiency, and modularity. Due to the modularity, the implementation times for the projects are short. The emission concentrations of NO x and CO are low because there was no combustion process, and the only pollutants produced were due to fuel treatment. The process typically produces negligible NO x emissions and 1.4 μg per kJ of CO emissions (Bove & Lunghi, 2006 , p. 1398 . Traditionally, natural gas is used as a fuel to power MCFCs. Tests on landfill gases have shown that landfill gases are more effective than natural gases at operating fuel cells. Also, MCFCs have very low noise emissions due to the lack of moving parts.
The disadvantages with fuel cells are that the landfill gas needs to be refined to natural gas quality to be usable in a fuel cell. This means there is an inflated cost for fuel cell operation with landfill gas. It costs 4.2 billion dollars to install the system, and 96 dollars per kilowatt per year to operate a fuel cell system (Bove & Lunghi, 2006 , p. 1399 . A chart of advantages and disadvantages of fuel cells is given in Table 3 . 
Comparison of Solutions
Proposed Solution
As seen in Table 4 , the best solution for emissions reduction is the utilization of a molten carbonate fuel cell. Fuel cells are the most efficient of the three solutions and have the least emissions. However, the relative investment cost is high compared to the other systems. The landfill gases must be refined before entry into the fuel cell for the fuel cell to function properly.
Fuel cells also require little maintenance. The pretreatment of the gases will be a cost the landfill must manage. But further economic analysis shows that the high-energy efficiency of fuel cells can offset the cost of capital investment (Bove & Lunghi, 2006) .
Major Design and Implementation Challenges
For the implementation of a landfill gas to electrical energy system, the plant will need to be retrofitted with the ability to produce energy. If the landfill produces energy at a slow rate, such as in the case of conventional dry tomb landfill, the electrical energy system will not perform to its highest potential. Testing and analysis on the landfill will need to be conducted.
The analysis should pay special attention to gas production of the landfill and predictions of the future production potential of the landfill.
Methods for landfill gas treatment will need to be determined. Because most of the operating cost of landfill gases is derived from the fuel pretreatment costs, research will need to be conducted to determine the most economical and efficient way to filter landfill gas.
As mentioned above, the implementation costs of a fuel cell system are highly cost prohibitive. The landfill will need to secure funds from various sources to fund the installation.
The cost of operating the fuel cell after installation may also be costly, but will be offset by the revenue gain and savings from landfill operation costs. Fuel cells with the optimum efficiencies must be tested for best compatibility with the landfill. Also, the landfill must be continually monitored to determine the stage of the landfill and future gas production.
Implications of Project Success
Should the project succeed, a landfill utilizing the fuel cell system will save on energy consumption, and may not even need to require power from the grid to operate. This energy project is unique in that the developer owns the fuel from the start of the process to the end.
Greenhouse gas emissions will be reduced not only from landfill due to the capture and use of landfill gas, but also the emissions that result from the production of electricity that the landfill would otherwise consume. The landfill will be a self-sufficient system, and municipal solid waste will no longer be a burden to manage, but a resource to exploit. The success of the fuel cell implementation will cause the propagation of fuel cell use in landfill gas to energy projects. This will increase funding for fuel cell research, and other applications for fuel cells may be developed, which may further reduce overall emissions from human activity.
